Abstract Drainage networks emerge due to the movement of sediment driven by climatic and tectonic forcings. Previous observations revealed the dependence of drainage density (D d ) on climatic factors such as mean annual precipitation (MAP). Specifically, it has been observed in intermediate climate (~175 mm < MAP < 700 mm) that D d decreases with increasing MAP. This declining trend has been argued to be attributed to biotic activity, that is, the dominance of vegetation growth over runoff erosive force. Using high-resolution topographic data from a physical experiment, we show that increasing rainfall may result in decreasing D d even in the absence of biotic activity. Increasing rainfall rate results in narrower and less variable bifurcation angle and relatively longer links. The response of the evolving network in terms of bifurcation angle continues beyond the time when D d has reached a new stable value, indicating that the network's topological response is relatively slower than the geomorphic response.
Introduction
Climate and tectonic uplift shape the Earth's landscapes and the channel networks draining them (Godard et al., 2013; Singh et al., 2015; Tucker & Slingerland, 1997; Willgoose, 1994a) . Understanding the response of landscapes to climatic variations is essential for predicting the climate-induced changes to Earth's surface and identifying the imprinted signatures of past climatic fluctuations (Brakenridge, 1980; Foreman et al., 2012; Jerolmack & Paola, 2010; Meyer et al., 1992; Smith et al., 2013) .
Landscapes evolve through the competition between diffusive and advective sediment transport. Hillslopes form via a diffusive process often described as the mass movement of sediment driven by soil creep, discontinuous runoff, or local disturbances caused by rain splash or biotic activities (Dunne et al., 2010; Fernandes & Dietrich, 1997; Perron et al., 2008; Selby, 1982) . Valleys and channels form via an advective process described as the transport of concentrated flow of water (Dietrich et al., 1993; Horton, 1945; Howard, 1994; Howard & Kerby, 1983; Smith & Bretherton, 1972; Willgoose, 1994b) . The transition from diffusiondominated hillslopes to advection-dominated channels defines the spatial extent of the drainage network which is often quantitatively described by the drainage density D d ¼ L A , where L denotes the total channel length and A is the drainage area (Horton, 1932 (Horton, , 1945 .
Observations of natural basins have shown that higher mean annual precipitation (MAP) may increase or decrease D d depending on the overall climatic conditions, that is, in extremely arid climates with sparse vegetation, higher MAP tends to increase D d ; in intermediate climates (175 mm < MAP < 700 mm according to Melton, 1957 ) D d decreases with MAP, and in humid climates, increasing MAP results in higher D d (Abrahams, 1972; Abrahams & Ponczynski, 1984; Bandara, 1974; Daniel, 1981; Melton, 1957; Sangireddy et al., 2016) . Considering the dependence of both vegetation and stream power on MAP in a numerical landscape evolution model, Collins and Bras (2010) In this paper, we analyze several experimental landscapes to quantify the effects of changing rainfall intensity on the characteristics of emergent drainage networks. Using terrains obtained from the eXperimental Landscape Evolution facility at the St. Anthony Falls Laboratory at the University of Minnesota, we investigate the impact of precipitation on D d and explain how the observed pattern is related to the response of the landscape in terms of convergent and divergent geomorphic features characterized by the curvature distribution. Our analysis indicates that decreasing D d with increasing rainfall, which is observed in natural basins with intermediate climate, can still occur without vegetation. We also show how the geomorphic changes manifest in the topology and geometry of the emergent networks by studying their branching characteristics such as junction angle and link length.
Physical Experiments on Landscape Evolution
The experimental landscapes were obtained using the eXperimental Landscape Evolution facility at the St. Anthony Falls Laboratory at the University of Minnesota. The experimental domain was 500 mm long, 500 mm wide, and 300 mm deep (Figure 1a) . The rainfall in the experiment was simulated using 20 ultrafine The curvature grid and drainage network of a zoomed-in area for the terrain at t = 25 min. The network was extracted from 0.5 mm by 0.5 mm digital elevation model using the procedure explained in the supporting information. (c, d) The steady state (SS) landscapes emerged under a constant uplift (U = 20 mm/hr) and rainfall rate (P = 45 mm/hr). Rainfall rate was abruptly increased to 225 mm/hr at t = 50 min, while keeping uplift constant resulting in transient state (TS) landscapes. (e) The average erosion rate above the erosion rate of the SS landscape at t = 50 min. The erosion rates were computed as the averaged (over the spatial domain) elevation differences between DEMs at time t and t = 50 min. (f) The drainage density (D d ) decreases in response to the increase in rainfall intensity. D d is computed as the total drainage length divided by the domain area. For further analysis, the data are grouped as SS (t ≤ 50 min), TS1 (50 < t ≤ 60 min), and TS2 (t > 60 min). misting nozzles which generated rain with droplet size <10 μm. The droplet size in this experiment was relatively small and in the form of mist, lacking sufficient energy to mobilize sediment through the splash process (Sweeney et al., 2015) , giving us the confidence to assume that creep is the dominant mechanism for diffusive transport in the hillslope. The erodible material was a homogeneous mixture of fine silica (density ∼ 2.65 g/cm 3 ) with a grain size distribution of D 25 = 10 μm, D 50 = 25 μm, and D 75 = 45 μm, mixed with 35% water by volume in a cement mixer (refer to Singh et al., 2015 , for more details). The domain was subjected to spatially uniform and temporally constant rainfall intensity (P = 45 mm/hr) and uplift rate (U = 20 mm/hr) until it reached a steady state (SS) in which the mean erosion rate was in balance with the uplift rate (Hack, 1960; Niemann & Hasbargen, 2005; Singh et al., 2015) . Then, keeping uplift rate constant, the rainfall intensity was increased to 225 mm/hr (~5P), thereby shifting the landscape to a transient state (TS). High-resolution (0.5 mm by 0.5 mm) digital elevation models of the emerged terrains were acquired every 5 min using a laser scanner. Figure 1 illustrates the experimental setup.
Results
We analyzed 16 snapshots (landscapes) from the physical experiment at 5-min intervals spanning 75 min of simulation. For simplicity, we set t = 0 as the time corresponding to the first analyzed terrain which was achieved almost 8 hr after the experiment's initiation. The first 11 landscapes (0 ≤ t ≤ 50 min) are SS terrains which emerged under the constant rainfall (45 mm/hr) and uplift (20 mm/hr; Figure 1c ) rates. The last five landscapes (55 ≤ t ≤ 75 min) emerged from abruptly increasing rainfall intensity to a new level of 225 mm/hr ( Figure 1d ) creating landscapes which are still evolving under a transient state.
We delineated drainage networks and computed D d following the procedure explained in the supporting information (Clubb et al., 2014; Hooshyar et al., 2016; Lashermes et al., 2007; Mitasova & Hofierka, 1993; Orlandini et al., 2011; Passalacqua et al., 2010; Pelletier, 2013) . Figure 1b shows the curvature grid and extracted network of a zoomed-in area in the emerged terrain at t = 25 min. Figure 1e shows that the SS landscape of constant erosion rate transitioned to a TS of abruptly increased erosion which subsequently decreased and approximately reached a new stable value. As shown in Figure 1f , D d dropped significantly in response to increasing rainfall rate and reached a relatively constant value at t = 60 min.
We studied the probability density function (PDF) of the pixelized curvature (κ), calculated from equation S1 in the supporting information, to understand the rainfall impacts on the convergent and divergent geomorphic features (Figure 2a ). The right tail of the curvature PDF in Figure 2a represents the channelized surfaces, and the left tail corresponds to the hillslopes located in upland regions. The middle part around the average (≈0 mm −1 ) mostly contains the features located at the transition from hillslopes to channels.
Both tails of the curvature PDF shift downward in response to the increase in rainfall, indicating that landscapes become smoother. Higher rainfall enhances hillslope erosion and deposition in channels, reducing the proportion of pixels with high positive (channels) and negative (hillslopes) curvature in SS landscapes and increasing those with smaller curvature, leading to a narrower PDF (see Figure 2a) . The smoothing effect of increasing rainfall rate also manifests in reducing the standard deviation of the curvature σ κ . Using |κ| = 0.5 mm −1 as the threshold in differentiating convergent (κ ≥ 0.5 mm
) and divergent (κ ≤ − 0.5 mm −1 ) surfaces, σ κ decreases in response to the higher rainfall rate as demonstrated in Figure 2b . Despite this analogous behavior, the response (rate of decrease) of the convergent surfaces in terms of σ κ is relatively large in magnitude which is also reflected in the evolution of the curvature PDF at the tails as highlighted by the downward arrows in Figure 2a . From the curvature grid of the same zoomed-in area at t = 25 min and t = 75 min shown in Figures 2c and 2d , it is evident that increasing rainfall flattens both channels and ridges, that is, reduces the absolute value of curvature. Similarly, the hillshade images in Figures 2e and 2f show how the terrain becomes smoother.
In addition, Figure 2a shows different behavior in the adjustment of the convergent and divergent surfaces to increasing rainfall, that is, the curvature in divergent surfaces adjusts fast and reaches to a new stable distribution, while in convergent surfaces it evolves gradually as shown by the downward arrows.
We studied the structure and geometry of the junctions to reveal how climate-induced geomorphic changes manifest in the topology of the emerged networks. As schematically illustrated in Figure 3a (inset), a junction can be described by its angle (α) and the length of the intersecting links (l).
Increasing rainfall results in relatively longer links as demonstrated in the PDF of the links' length ( Figure 3a ) and the evolution of the average length through time (Figure 3b ). On the other hand, the link density (L d ), defined as NL = A where N L denotes the total number of links and A is the total area, decreases . The data are grouped as SS (t ≤ 50 min), TS1 (50 < t ≤ 60 min), and TS2 (t > 60 min). Higher rainfall intensity smooths the terrain and moves pixels from both tails of the probability density function toward zero curvature. (b) The standard deviation of curvature (σ κ ) for pixels with κ ≥ 0.5 mm −1 (convergent surface) and κ ≤ − 0.5 mm −1 (divergent surface). σ κ decreases as the landscape is forced into TS by increasing rainfall for both divergent and convergent surfaces; however, σ κ changes with a higher rate in convergent topography. The curvature of the same zoomed-in area at t = 25 min (c) and t = 75 min (d), respectively. It is visually evident that increasing rainfall reduces the absolute curvature (|κ|) in channels (light color) and ridges (dark color) as highlighted in c.1 and d.1. The smoothing effect of the increased rainfall is visually evident in (e) and (f) which show the hillshade image generated from the gridded elevation surface at SS (t = 25 min) and TS (t = 75 min), respectively. SS = steady state; TS = transient state. (a) where the black dots show the channel initiation points (i.e., channel heads). The data are grouped as SS (t ≤ 50 min), TS1 (50 < t ≤ 60 min), and TS2 (t > 60 min). (a) The probability density functions (PDFs) of the link length. The general shift to the right of the PDFs implies the links' elongation in response to increasing rainfall. This is also evident in (b), which shows the evolution of the average link length (μ l ). μ l increases by~28% in response to the increase in rainfall. (c) The link density (L d ), defined as NL = A , where N L is the total number of links and A is the total drainage area, decreases in response to increasing rainfall.
(d) The PDF of the junction angles, which shifts to the left and becomes narrower as rainfall increases, implies that the junctions narrow and exhibit less variation in their angles when the landscape is exposed to higher rainfall intensity.
(e, f) The evolution of the average angle (μ α ) and the standard deviation of angles (σ α ), respectively. On average, the junction angles decrease by 8% in response to higher rainfall. The shaded area in (b) and (e) corresponds to the average ± standard error. (g, h) A portion of the drainage network at t = 25 min and t = 75 min, respectively. We extracted the angles for each junction to form a set of scattered points and then used kriging (Kitanidis, 1997) to generate the angle grid shown in the background for demonstration purposes. Panels (g) and (h) also highlight two cases where some links disappear in response to increasing rainfall intensity (see circles and squares). SS = steady state; TS = transient state.
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substantially (Figure 3c ). In general, higher rainfall rate results in longer but fewer links which is consistent with the decrease in D d shown in Figure 1f .
We computed the junction angles of the extracted networks following the procedure described in the supporting information (Hooshyar et al., 2017; Ranjbar et al., 2018) . As depicted in Figure 3d , the PDF of the junction angles shifts toward the left as rainfall increases. Figures 3e and 3f , which show the evolution of the average (μ α ) and standard deviation (σ α ) of angles through time, demonstrate that the channels in TS landscapes, emerging under more intense rainfall, exhibit smaller angles with less variation compared to those in SS.
The average junction angle declines gradually as rainfall increases and evolution continues for t ≥ 60 min (Figure 3e ). In contrast, D d decreases abruptly and reaches a new stable value at t = 60 min (Figure 1f ). This indicates that the network's topologic response to the climatic alteration is relatively slower than the geomorphic response and that it continues beyond the time when geomorphic features such as D d reaches SS.
Figures 3g and 3h show the drainage network and junction angle for two zoomed-in areas at t = 25 min and t = 75 min, respectively. These two examples clearly demonstrate how the junction angles narrow and the links disappear in response to increasing rainfall.
Junctions are formed when two upstream links merge to a single downstream link. Here, we categorized junctions based on the Strahler (1953) order of the downstream link, denoted by ω d . For example, the junction marked by α 2 in the inset of Figure 3a has ω d = 2 since its downstream link, marked by l 4 , is a secondorder channel. Figure 4 shows the evolution of the average angle through time for ω d = 2, 3, 4, and 5. Selecting terrains at t ≤ 25 min (first six snapshots at SS, denoted by SS1) as the reference, we performed a 
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Mann-Whitney-Wilcoxon (Mann & Whitney, 1947; Wilcoxon, 1945) test to check whether the angle distribution at each snapshot at t > 25 min differs statistically from the reference distribution of the angles. In Figure 4 , the P value of the Mann-Whitney-Wilcoxon test, denoted by P MWW , clearly shows that the angles at SS do not differ statistically from the reference angles across scale (i.e., for different ω d ). However, for ω d = 2 and 3 at t ≥ 55 min and for ω d = 4 at t ≥ 60 min , the angle distribution deviates significantly from the reference distribution at the 0.05 confidence level. The P MWW curve shows an insignificant difference for higher scale ω d = 5, suggesting that the effect of changing precipitation is mainly confined to smallerorder channels as opposed to larger ones. Finally, the absolute slope of linear fits to μ α versus time curves for t > 50 min , that is, after increasing rainfall rate, denoted by |S α |, indicates that the declining rate of average angle decreases with scale. In other words, the perturbations induced by increasing rainfall propagate through the network from smaller to higher orders in terms of junction angles.
Discussion and Conclusions
The drainage density in natural basins with intermediate climate (175 mm < MAP < 700 mm according to Melton, 1957) shows a strongly declining trend with MAP (Sangireddy et al., 2016) , or precipitation effectiveness index (Melton, 1957) , defined as 10 multiplied by the annual summation of ratios between monthly average precipitation and evaporation (Thornthwaite, 1931) . Scaling analysis indicates that the physical experiment at SS with P ≈ 45 mm/hr corresponds roughly to MAP ≈ 250 mm/year, which is within the range for the intermediate climate (see supporting information for more details; Perron et al., 2008; Perron et al., 2009; Shelef & Hilley, 2014; Singh et al., 2015; Sweeney et al., 2015; Tarboton, 1997; Willgoose et al., 1991) .
The decreasing trend of D d with MAP (or precipitation effectiveness index) in natural basins has been explained considering the competition between rainfall erosive and vegetation resistive forces. Some studies suggested that as the rainfall increases the vegetation gets denser which further stabilizes the land surface and provides more resistance to erosion. This upsurge in soil resistance suppresses the escalation in erosive force of rainfall leading to lower D d (Abrahams, 1984; Collins & Bras, 2010; Istanbulluoglu & Bras, 2005) . Although a similar declining trend in D d with respect to MAP was observed in the experiment, the physical processes are different because the experiment lacked vegetation cover. It was observed that higher rainfall causes more erosion on the hillslopes. The eroded material is transported downslope because of the runoff resulting in transport-limited (in particular, sediment-flux dependent; Whipple & Tucker, 2002) conditions in the channels (see Singh et al., 2015; Tejedor et al., 2017) . The erosion from hillslopes and deposition in channels smooth the landscape as the ridges erode and the channels become shallower. Some ridges and channels disappear altogether, leading to decreased D d . These processes were also evident in the curvature distribution as it narrows (smaller σ κ ) in response to greater amounts of rainfall.
The curvature in divergent surfaces approaches a new stable distribution relatively fast while in convergent surfaces; the evolution continues for a relatively longer time. Divergent hilltops are formed by diffusive transport, which is controlled by the local properties of the surface (curvature), whereas the formation of channels depends on both the local (slope) and nonlocal characteristics of the surface (discharge and deposition of eroded material from upstream). The nonlocal controls on channel formation may contribute to the longer response time of the convergent surfaces.
Our analysis further reveals the climatic controls on the network structure. Specifically, increased rainfall rate results in a network with smaller junction angles and relatively longer and fewer links. Observation from natural drainage networks has shown that the channels in humid climates tend to branch at higher angles due to the dominance of groundwater seepage in the formation and growth of channels (Seybold et al., 2017) . However, the sediment transport in our experiment is driven solely based on surface runoff with no groundwater seepage.
The decrease in the number of links is partially due to the filling (and thus removal) of channels through the deposition of eroded sediment from hillslopes under increasing rainfall intensity. The network's response with respect to junction angle is evident up to a scale ω d = 4, where ω d is the Strahler (1953) order of the downstream link at each junction. At a lower scale (smaller ω d ), the junction angles exhibit a relative steep decay compared to higher orders. This implies a scale control on the rate of change in junction angles in response to increased precipitation.
The
Dr D50 ratio (D r is the rain droplet size, and D 50 describes erodible material particle size) in our experiment was <0.4, which may be smaller than that of natural basins (assuming rain droplet size of 1.0 mm). The erodible material also differs from the natural soil in terms of particle heterogeneity and chemical properties, which may affect the erodibility. Our main criterion for selecting the grain size was to make sure we obtain a well-defined channel network in such a small experiment basin by testing several alternatives.
The rainfall in the experiment was uniform in space and time; however, climatic forcing naturally consists of spatially nonuniform events with variable duration and magnitude. The material was saturated before and throughout the experiment with no vegetation cover; therefore, our experiment lacked hydrologic processes such as infiltration, groundwater seepage, and evaporation. In addition, several small-scale characteristics of the experiment such as surface tension effects and laminar flow at streams may not be directly extendable to natural basins.
The experimental landscapes contained both fluvial and colluvial regimes similar to those observed in natural basins (see, e.g., Figure S1 in supporting information for the landscape at t = 20 min). However, the concavity indices (0.1 and 0.3 for colluvial and fluvial regimes in Figure S1 ) were slightly smaller than those observed in natural basins, suggesting that the experiment was more representative of relatively steep channels fed by surface runoff than fairly flat perennial streams.
